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Positive effect of the induction of p21WAF1/CIP1 on the course of Experimental models of acute renal failure caused by
ischemic acute renal failure. disparate injuries, that is, ischemia, nephrotoxic drugs
Background. The p21 protein is found in the nucleus of most (such as cisplatin), and ureteral obstruction, result in se-cells where it modulates cell cycle activity. At low levels, p21
vere and acute reduction in the glomerular filtration ratestabilizes interactions between D cyclins and their cyclin-
and clearance of serum nitrogenous wastes, such as creat-dependent kinases (cdks), but at high levels after induction by
several different stress pathways, it causes cell cycle arrest. The inine and blood urea nitrogen (BUN). After ischemia
p21 mRNA is induced in murine kidney after several types of and administration of many nephrotoxic drugs, there is
acute renal failure, including cisplatin administration, ischemia- also varying degrees of kidney cell death, especially in-
reperfusion, and ureteral obstruction. We reported that after
volving the S3 segment of the proximal tubules in thecisplatin injection, mice with a p21 gene deletion developed
deep cortex. We had previously demonstrated a rapidmuch more severe renal damage than wild-type mice. To disso-
ciate the effects of cisplatin-induced DNA damage and subse- and high level induction of a cell-cycle inhibitory protein,
quent initiation of DNA damage-dependent cell death path- p21, in murine kidney after acute renal failure [1]. p21,
ways from effects of acute renal failure, we have now examined also known as WAF1 [2] and CIP1 [3], is a protein of
mice after ischemia-reperfusion, a model of renal failure not 21 kD [4] and is also a member of a protein family con-associated with genotoxin-induced DNA damage early after
taining p27KIP1 [5] and p57KIP2 [6, 7]. The p21 protein hasthe injury.
been shown to be overexpressed before terminal differen-Methods. Wild-type and p21(/) mice were made ischemic
by clamping both renal hila for 30 or 50 minutes. At various tiation [8–14], and in cultured cells undergoing senescence
times after reflow, mortality and parameters of renal function [15]. In addition, the p21 gene is induced after DNA
and morphology were quantified. Also, the nuclear proteins damage [2], and its induction is necessary for the p53-
p21 and proliferating cell nuclear antigen (PCNA) were local-
dependent cell-cycle arrest after DNA damage [16–18].ized in kidney sections by immunohistochemistry.
Induction of the p21 gene and overexpression of the p21Results. Kidney function was more impaired and mortality
increased significantly in p21(/) mice as compared with protein is associated with cell-cycle interruption and G1
p21(/) mice. We found more cell cycle activity, indicated arrest [2, 3, 19–22], and p21 has been shown to inhibit
by increased number of mitotic cells and nuclear PCNA-posi- one or more of the cyclin-cdk kinase activities [3, 19,
tive cells, in kidney of p21(/) mice. 22]. The protein can also bind [23] and inhibit [24, 25]Conclusions. In this study, p21(/) mice were more sus-
proliferating cell nuclear antigen (PCNA), especially itsceptible to ischemia-induced acute renal failure, with similarly
role in DNA replication rather than DNA repair [26].elevated levels of parameters of cell cycle activity. We propose
that the increased and inappropriate cell cycle activity in kidney The role of p21 in differentiation is probably redundant,
cells is responsible for the increased kidney impairment and since mice lacking p21 develop normally [17]. We had
mortality. previously reported that the expression of p21 was bene-
ficial to kidney cells after cisplatin administration [27],
whereas its expression in chronic renal failure enhanced
progression [28]. Its role in ischemic acute renal failure
is the subject of this investigation.
Key words: cell cycle, cyclin-dependent kinase inhibitor, cisplatin, mi-
totic cells, apoptosis, kidney impairment.
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expressed were obtained from Dr. Philip Leder (Harvard extensive necrosis of all areas of the cortex and in which
Medical School) [17]. Mice homozygous for the p21 dele- necrotic tubules were present near the surface of the
tion were selected from the offspring of heterozygous kidney. Each parameter was determined on at least five
matings using Southern blotting of tail DNA as described different animals. Statistical significance was assessed by
[17]. Similarly, wild-type homozygous litter-mates were the two-sided Student t test for independent samples,
selected as controls. Male mice from 8 to 15 weeks of and was indicated with asterisks (***) if the P value
age were studied as described. The animals used in these was 0.05 or less. To determine the overall morphologic
studies were housed at the Veterinary Medical Unit at assessment, data from the seven criteria of kidney dam-
the John L. McClellan Memorial Veterans Hospital (Lit- age [brush border loss, casts, tubule dilatation, red blood
tle Rock, Arkansas, USA). When appropriate, animals cell (RBC) extravasation, inflammation, distal nephron
were painlessly sacrificed in accordance with methods of damage, and necrosis] was pooled and assessed.
euthanasia approved by the Panel on Euthanasia of the
Apoptosis detection and quantificationAmerican Veterinary Medical Association. Ischemia was
induced in anesthetized (sodium pentobarbital, 50 mg/kg, The TUNEL technique (ApopTag kit; Intergen, Inc.,
IP) male mice by exposure of the kidneys under sterile Purchase, NY, USA) was used to detect apoptotic cells
conditions through a midline incision. The kidneys were in situ [29].
decapsulated and both renal hila were clamped with small
vascular clamps for either 30 or 50 minutes and released. Immunohistochemistry
During the operation, the mice received approximately Nuclear antigens (p21 and PCNA) were determined
1 mL of saline IP. Sham operations were also performed on paraffin embedded tissue sections using a microwave
in which the kidneys were manipulated as described, antigen retrieval technique (Antigen Unmasking Solution;
without induction of ischemia. After surgery, the animals Vector Laboratories, Burlingame, CA, USA). PCNA was
were returned to their cages and allowed free access to detected using a mouse monoclonal antibody (Calbio-
food and water. Blood was drawn by retro-orbital bleed- chem, La Jolla, CA, USA) and a rabbit polyclonal anti-
ing at the time of sacrifice for determining blood urea body (Calbiochem) was used to detect mouse p21. Both
nitrogen (BUN; Sigma No. 535; Sigma Chemical Co., St. antigens were visualized using the ABC Elite Vectastain
Louis, MO, USA) and creatinine concentration in serum. Kit (Vector Laboratories).
Differences between mouse genotypes were assessed by
the two-sided Student t test for independent samples, Survival after ischemia
and was indicated in the P value was 0.05 or less.
The comparison of survival of mice from the two geno-
types was by the Kaplan and Meier method [30]. Statisti-Morphologic assessment
cal significance was assessed by the log-rank score.At various times after ischemia, kidneys were removed,
immersed in 4% neutral-buffered formaldehyde and fixed
for 48 to 72 hours. The tissues were paraffin embedded RESULTS
and processed for light microscopy. Sections of 5 m Localization of p21 expression after renal ischemia
were stained with hematoxylin-eosin or periodic acid
Nuclear p21 was localized by immunohistochemistrySchiff (PAS) and the histologic criteria determined. The
to tubules of both the distal and proximal nephron andfollowing parameters were chosen as indicative of mor-
to regenerating tubules (Fig. 1). Staining was detected inphological damage to the kidney after ischemia: brush
thick ascending limbs, distal convoluted tubules, proxi-border loss, tubular cast formation, tubular dilatation,
mal tubules, and collecting ducts. There was no apparentred blood cell extravasation, inflammation, and distal
staining of cells in the glomerulus.nephron damage. These parameters were evaluated on
a scale of 0 to 4, which ranged from not present (0), mild
Kaplan-Meier survival curves(1), moderate (2), severe (3), to very severe (4). Tubular
After renal ischemia, the survival rates of p21(/)necrosis was graded from none (0) to confluent (4). The
and p21(/) mice were compared (Fig. 2). The highestnumber of apoptotic (TUNEL-positive) cells per mm2
fatality rate in the p21(/) mice occurred between 24kidney tissue section was evaluated. The kidneys were
to 48 hours after the operation. After two days, thealso graded from 0 to 4 for relative numbers of mitotic
percentage surviving for the p21(/) and p21(/)cells and signs of tubular regeneration, that is, cells relin-
populations was 95.5% and 37.6%, respectively. Aftering damaged tubules. The extent of the (cortical) necrosis
seven days, the percentage surviving for the p21(/)was graded from 0 to 3 in which 0  no necrosis, 1 
and p21(/) populations was 74.2% and 11.3%, respec-necrosis confined to the inner 1/3 of the cortex, primarily
tively (P  0.000035). There was no mortality in thethe S3 segment of the proximal tubules, 2  necrosis
extending into the upper 2/3 of the cortex, and 3  sham operated animals (data not shown).
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Fig. 1. Expression of p21 after renal ischemia. Immunohistochemical localization of p21 protein in kidney nuclei after 50 minutes of renal ischemia.
Sections represent kidney from untreated (A) mice, and from mice 1 day (B), 2 days (C), and 5 days (D) after ischemia. Magnification 122.
Quantification of physiologic and morphologic
measurements of effects of ischemia
As shown in Figure 3, the mean BUN values of un-
treated mice from either genotype were nearly identical.
One day after renal ischemia, the BUN rose in both pop-
ulations, to 171.6  3.8 for the p21(/) mice and to
134.1  10.1 for the p21(/) mice (P  0.0057). Two
days after ischemia, the BUN was 203.7  3.9 for the
p21(/) mice and 128.7  60.1 for the p21(/) mice
(P 0.028). Mean BUN in the p21(/) mice remained
above the untreated level for up to seven days and up
to three days in the p21(/) mice, but these values
were not statistically different. Creatinine concentrations
in the sera were similarly affected (data not shown).
Measurements of morphologic damage after ischemia
were consistently higher in all categories in the p21(/)
mice than in the p21(/) mice, but were not statisticallyFig. 2. Kaplan-Meier survival curve. Comparison of the survival of
p21(/) and p21(/) mice after 30 and 50 minutes of renal ischemia. different (Fig. 4 and Table 1). The measurement of the
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p21(/) mice vs. 0.9  0.5, 3.3  0.4, and 3.9  0.1 in
the p21(/) mice, P  0.05, 0.031, and 0.0008, respec-
tively]. Also, at 2 and 3 days after surgery, statistical
differences were noted in the number of mitotic cells in
the post-ischemic kidney, with higher numbers present
in the p21(/) mice [2.3  0.7, and 2.2  0.4 in the
p21(/) mice vs. 1.0  0.3, and 0.6  0.4 in the
p21(/) mice, P 0.05, and 0.015, respectively]. These
differences in numbers of mitoses agreed with the immu-
nohistochemical localization of PCNA to kidney nuclei
after ischemia (Fig. 5), in which more PCNA-positive
nuclei were present in the post-ischemic p21(/) mice
kidneys. Nuclear PCNA could be seen in all nephron
segments, both distal and proximal, in both genotypes,
but was much more widespread in the kidney cells from
Fig. 3. Renal function evaluation after ischemia. Urea nitrogen levels the p21(/) mice.in serum (BUN) after 30 and 50 minutes of ischemia. Values (mg/dL) at
each time point represent means ( SE) of at least six mice. Statistically
significant differences (P  0.05) are indicated. Symbols are: ()
DISCUSSIONp21(/); ( ) p21(/).
Nuclear p21 protein was localized to cells in both distal
and proximal tubules (Fig. 1). There was little difference
in staining intensity between these different nephronoverall morphologic assessment in which data from the
compartments, although this analysis is not totally quan-seven criteria of kidney damage (Methods section) were
titative. This is in distinction to the localization of p21pooled and assessed revealed that there were statistical
mRNA in ischemic kidney which, by in situ hybridiza-differences between mice one day after surgery, which di-
tion, was concentrated to cells of the distal nephron [1].minished at later times. The overall indices were: 3.17 
At the time, we speculated that the apparent restriction1.23, 2.89  1.50, 2.20  1.58, and 1.40  1.13 in the
of p21 mRNA induction to these cells could be duep21(/) mice versus 2.57  1.27, 2.50  1.31, 1.82 
to the sensitivity of the detection method rather than1.51, and 1.11  1.20 in the p21(/) mice at days 1, 2,
selective mRNA induction in distal nephron cells. Our3, and 5 to 7 after surgery, respectively. These differences
finding of p21 protein in both tubule segments agreescorresponded to P  0.00087, 0.20, 0.40, and 0.37. We
with this speculation. Relative differences in mRNAfound relatively small numbers of TUNEL-positive apo-
abundance and protein abundance could be accountedptotic cells compared with necrotic cells (1%), and the
for by post-transcriptional control of p21. Other investi-numbers of these cells were not significantly different
gators have noted similar control of this protein [9, 31–comparing 30 or 50 minutes of ischemia, or mice from the
33]. Also, there was an increase both in the amount oftwo genotypes. For this reason, we judged that apoptosis
p21 protein and in the number of p21 protein-positivedoes not contribute measurably to the pathology of renal
cells up to two days after reflow, whereas p21 mRNAischemia.
abundance substantially decreased after one day post-The most severe morphologic damage occurred in the
surgery [1].kidney of both genotypes at one and two days after
The analysis of post-ischemic comparisons betweenreflow. However, although necrosis was not judged to
these mice used data from both 30 and 50 minutes ofbe more severe in the p21(/) mice by the criterion,
ischemia. Although there were large differences betweencell death was much more widespread in these mice.
p21(/) and p21(/) mice in both survival and kid-Whereas the area of necrosis in the p21(/) mice was
ney function, there was little difference between anyprimarily restricted to the S3 segment of the proximal
pathologic parameter measured after either 30 or 50 min-tubules, the necrosis in the p21(/) mice was evident
utes of ischemia within each population. Because of thethroughout the entire cortex (Table 1 and Fig. 4 cf. B
uniformity of the data, which were not statistically differ-and E). Statistical differences in the extent of the necrosis
ent at different times of ischemia, data from both the 30were calculated 24 hours after ischemia (2.18  0.66 in
minute and 50 minute ischemia were pooled for thesethe p21(/) mice versus 1.50  0.63 in the p21(/)
analyses.mice, P  0.018).
The relative severity of acute renal failure in theseAt 2, 3, and 5 to 7 days after surgery, statistical differ-
mice, isogenic with the exception of the presence orences were noted in tubular regeneration so that at all
absence of the p21 gene, is reflected by both the Kaplan-of these times, more regeneration was noted in the
p21(/) mice [0.0, 1.7  0.4, and 3.0  0.0 in the Meier survival curves (Fig. 2) and the comparison of
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Fig. 4. Comparison of kidney morphology. Hematoxylin-eosin stained kidney sections from p21(/) (A–D) and p21(/) (D–F ) mice. Sections
represent kidney from untreated mice (A and D), and mice 1 day (B and E), and 7 days (C and F) after renal ischemia. Magnification 122.
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BUN values (Fig. 3) after surgery. Statistical differences
in BUNs occurred at days 1 and 2 after surgery, and
coincided with the greatest death rates of the p21(/)
mice. Although BUNs in the p21(/) mice were higher
than those in the p21(/) mice from days 3 to 7, the
significantly higher mortality in the p21(/) group,
which eliminated the most severely affected animals
from the population [62.4% of the p21(/) mice but
only 4.5% of the p21(/) mice died by day 2] probably
contributed to the lack of statistical difference in BUN
values between the two genotypes after day 2.
Interestingly, even with the difference in BUN values
and the even larger difference in survival between the
two genotypes, there was little statistical difference noted
between many of the morphologic assessment compari-
sons (Table 1). The best statistical difference (P 
0.00087) that could be obtained was when the seven
morphologic criteria were pooled, when it was noted
there was more damage in the p21(/) kidney one day
after ischemia. Similar to the lack of statistical differ-
ences noted in BUN values at later time points, we think
the lack of apparent differences in the morphologic dam-
age between the two genotypes at later times is because
of the very high mortality in the p21(/) mice popula-
tion starting day 1 after surgery, effectively eliminating
the most affected mice from the study. The most appar-
ent difference noted here was in the extent of necrosis
within the cortex and outer medulla. Necrosis was evi-
dent throughout wide areas of the kidney cortex in
p21(/) mice after ischemia (Fig. 4E), whereas in the
p21(/) mice, necrosis, although confluent, was pri-
marily confined to the S3 segment (Fig. 4B). The greater
extent of cell death and necrosis throughout the kidney
cortex in the p21(/) population and the increased
BUN values were the most likely causes of the increased
mortality in this group.
After ischemia-reperfusion injury, the most suscepti-
ble section of the kidney to cell death, especially in wild-
type animals, is the S3 segment of the cortex. The proxi-
mal tubules within this area are the most sensitive and
commonly undergo necrosis. Distal nephron segments
usually survive the injury, but the small percentage that
die usually die from apoptosis. However, during the re-
generation following ischemic injury, larger numbers of
apoptotic cells are known to occur [34–36]. We found
that apoptosis is a minor event in the first few days after
ischemia, and have seen few TUNEL-positive nuclei in
kidneys of mice of either genotype. Even in some cases
in which distal nephron damage was found to occur,
most cell death was necrotic and few apoptotic cells were
observed. Forbes et al found that TUNEL-positive cells
in the kidney one day after ischemia did not have charac-
teristic morphologic changes associated with apoptotic
cells, and concluded that maximum apoptosis occurred
about a week after surgery [36]. This agrees with Zager
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Fig. 5. Cell-cycle analysis of kidney after cis-
platin injection. Immunolocalization of nuclear
PCNA in kidney sections from p21(/)
(A–D) and p21(/) (E–H ) mice. Sections
represent kidney from untreated mice (A and
E), and mice 1 day (B and F), 2 days (C and
G), and 7 days (D and H) after renal ischemia.
Magnification 122.
et al, who found that apoptotic DNA fragmentation is with tubular regeneration, however. Starting 2 days after
surgery (in the wild-type mice), tubules of the post-isch-not a primary mediator of cell death following ischemia,
and that even the minimal DNA laddering observed, a emic kidney are regenerated, with maximum numbers
of regenerated tubules after five to seven days post-characteristic feature of apoptotic DNA degradation,
was correlated with tubular necrosis instead of apoptosis surgery. This correlates with low levels of morphologic
damage in these kidneys, and a return of the BUN to[37, 38].
Statistical differences were noted in the number of presurgery levels. Signs of regeneration are not evident
in kidneys of the p21(/) mice until three days aftermitotic cells in the post-ischemic kidneys two and three
days after surgery (Table 1), with slightly higher numbers surgery, but also reach a peak five to seven days post-
surgery. Statistically, there are more signs of regenera-of mitoses at the peak of two days than at three days.
This correlated with a more widespread nuclear PCNA tion in tubules of the p21(/) mice kidneys at all time
points. Therefore, the increased and inappropriate celldetected by immunohistochemistry in kidney cells in the
post-ischemic p21(/) mice (Fig. 5). A similar increase cycle activity in the kidneys of the p21(/) mice is
correlated better with more widespread renal cell deathin cell cycle activity was noted in mice of this genotype
after cisplatin administration [27]. Because of the known than with increased tubular regeneration. Similarly, it is
unlikely that the less regeneration in the p21(/) micefunction of p21, that is, as an inhibitor of cell cycle pro-
gression, it is understandable that there is an increased contributes significantly to increased mortality, since the
most severe mortality occurred before much regenera-cell cycle activity in kidneys of mice lacking this gene at
a time when the gene is induced in wild-type mice. tion was apparent in the wild-type mice.
Progression through the cell cycle is controlled by aThe increased cell cycle activity does not correlate
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ple protein kinases and the DNA replication and repair factorcoordinated series of events, including activation and
PCNA. Cell 71:505–514, 1992
repression, synthesis and degradation, and protein com- 5. Polyak K, Kato J, Solomon MJ, et al: p27Kip1, a cyclin-Cdk inhibi-
tor, links transforming growth factor-B and contact inhibition topartmentalization. At two major transition points, pre-
cell cycle arrest. Genes Dev 8:9–22, 1994ceding DNA synthesis and preceding mitosis, the cycle
6. Lee M-H, Reynisdo´ttir I, Massague´ J: Cloning of p57KIP2, a cyclin-
can be arrested by an over-abundance of proteins capa- dependent kinase inhibitor with unique domain structure and tissue
distribution. Genes Dev 9:639–649, 1995ble of inhibiting the activity of cyclin-dependent kinases.
7. Matsuoka S, Edwards MC, Bai C, et al: p57KIP2, a structurallyA prominent member of this group of proteins is p21,
distinct member of the p21CIP1 Cdk inhibitor family, is a candidate
also known as WAF1 (2; wild-type p53-activated frag- tumor suppressor gene. Genes Dev 9:650–662, 1995
8. Halevy O, Novitch BG, Spicer DB, et al: Correlation of terminalment 1) and CIP1 (3; cyclin-dependent kinase interacting
cell cycle arrest of skeletal muscle with induction of p21 by myoD.protein 1). We had found that p21 is transcriptionally Science 267:1018–1021, 1995
activated in kidney by p53-independent stress pathways 9. Macleod KF, Sherry N, Hannon G, et al: p53-Dependent and
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